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OPTIMISATION  OF  THE  THERMOELECTRIC  FIGURE  OF  MERIT  IN  FINE 


GRAINED  SEMICONDUCTOR  MATERIALS  BASED  UPON  LEAD  TELLURI DE 

Introduction 

The  work  relating  to  the  optimisation  of  the  thermoelectric 
figure  of  merit  in  fine  grained  semiconductor  materials  based  upon 
lead  telluride  has  not  been  completed  and  the  programme  of  work  i s  to 
be  continued  under  a  new  contract.  Consequent ly^this  report  although 
referred  to  as  final,  actually  covers  progress  made  during  the  period 
January  to  March  1984.  A  complete  final  technical  report  will  be 
presented  on  completion  of  the  project. 


Work  undertaken 

\  . 

As  indicated  in  report  No  3  .the  next  step  in -our  investigation 
was  the  development  of  a—theoret ical  model  which  would  enable  a 
realistic  estimate  to  be  made  of  the  absolute  magnitude  of  the 
thermoelectric  figure  of  merit  Z  of  materials  based  upon  lead 
telluride.  In  report  No  4  we  reported  the  results  of  a  preliminary 
investigation  into  the  effect  of  including  a  multivalued  energy 
band  structure  in  our  model;  this  was  an  essential  step  as  all 
established  thermoelectric  materials,  including  those  based  upon  lead 
telluride  possess  such  an  energy  band  structure.  Previously  workers 
have  limited  their  investigation  to  the  non-degenerate  limit  and  we 
extended  the  analysis  to  cover  the  range  of  doping  level  encountered 
in  practical  thermoelectric  mater ials.Ofn  addition  to  possessing  a 
multivalued  energy  band  structure,  materials  based  upon  lead  telluride 
have  narrow  energy  band  gaps.  Narrow  gap  semiconductors  in  general 
possess  non-parabolic  energy  surfaces  and  the  difficulties  encountered 
in  obtaining  a  satisfactory  agreement  between  theory  and  experimental 
data  has  been  resolved  by  including  non-parabol icity  in  our 
theoretical  model.,... 


The  results  of-  our  analysis  of  the  Lorenz  factor  and  the 
electronic  thermal  conductivity  indicates  that  meaningful  information 
on  the  thermoelectric  behaviour  of  narrow  band  gap  semiconductors 
can  only  be  derived  from  a  model  which  takes  into  account  the  following 
factors:  (a)  Multivalued  energy  band  structure;  (b)  Non-parabolic 
energy  bands;  (c)  Minority  carrier  effects  at  relatively  high 
temperatures.  The  results  of  this  phase  of  the  work  are  embodied  in 
<*TLU  doovrueal  kos 
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the  two  papers  entitled  “Thermoelectric  behaviour  of  a  multi¬ 
valued  semiconductor"  and  "Electronic  thermal  transport  In 
thermoelectric  material  -  effect  of  nonparabol ici ty"  which  were 
presented  at  the  Fifth  International  Conference  on  Thermoelectric 
Energy  Conversion,  Arlington,  Texas,  March  1  1 6 ,  1984. 

Parallel  to  the  theoretical  investigation  an  attempt  will 
be  made  to  prepare  materials  based  upon  lead  telluride  with  improved 
thermoelectric  figures  of  merit.  Samples  of  n-  and  p-type  materials 
have  been  provided  by  "Global  thermoelectrics",  Alberta,  Canada. 

A  quantity  of  <5  Mm  particle  size  material  has  been  prepared  and  the 
vacuum  hot  press  is  being  brought  into  commission. 

Future  Programme  of  Work 

As  indicated  previously  the  work  will  continue  under  a  new 
contract.  The  next  stage  of  the  theoretical  investigation  will  be 
to  obtain  the  variation  of  the  absolute  value  of  Z  with  carrier 
concentration  and  temperature;  including  all  three  factors  (a),  (b) 
and  (c)  cited  above  in  the  theoretical  model.  Practical  work  will 
centre  around  commissioning  the  vacuum  hot  press. 
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ABSTRACT 

Following  the  usual  procedure  for  including  the 
vtfects  of  a  mult lva 1  lied  energy  band  structure,  the 
ratio  (ZT)  /(ST>sv  has  been  obtained  as  a  function  of 
r-u-ced  Fermi  energy  (C),  where  (ZT)  and  (ZT) 
refer  tc  the  dimensionless  thermoelectric  figureVof 
rent  of  a  multivalued  and  single  vallied  semiconductor 
respectively,  both  with  and  without  intervalley  scatter- 
.  :.4.  The  results  obtained  agree  with  those  previously 
reported  in  the  limit  of  non  degeneracy  but  the 
effectiveness  of  a  multivalued  structure  In  improving 
tn*  figure  of  merit  is  reduced  with  increasing  It 

.included  tnat  at  i  it  is  still  am  advantage 
_se  a  nultivallied  semiconductor  while  the  inclusion 
:  interval  ley  scattering  may  decrease  (ZT)  /(ZT) 

*  BV  *v 
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INTRODUCTION 


/W. 


when  intervalley  scattering  is  absent  W. 
present  investigation  the  value  of  WyAy  na^ 
chosen  to  provide  the  correct  ordor  of  earn* 

Acoustic  phonon  scattering  nas  !<ec*i.  t.,*. 
dominant  scattering  mechanism.  Polar  optica! 
is  not  insignificant  in  PbTe  ar.c  its  rcl**  wi . 
discussed  in  detail  in  a  future  ccrr.uricatir.-r 
has  discussed  in  detail  the  t hermoe l«ct r . c  i - 
of  semiconductor  models  which  pos*-*  . :  t  «•  * .  • 

energy  surfaces,  single  ellipsoidal  energy  s. 
multivalley  energy  surfaces.  In  his  analysis 
considered  non-degenerage  extrinsic  material 
that  the  reduced  Fermi  energy  can  bo  varied 
of  the  scattering  parameter (s) . 


THEORETICAL  MODEL 


he 

and  c 
l  nder » 


a .  Non-degenerate  limit 


It  nas  ceer.  recognized  for  some  considerable  time 
t-at  a  multi vallied  semiconductor  <nv)  is  more  suitable 
fer  thermoelectric  application  to  one  which  has  a  single 
valley  (sv)  .  Of  the  large  number  of  semiconductors 
•  T.ich  have  been  examined,  bismuth  telluride,  lead 
"ell  unde  (and  their  alloys)  and  silicon  germanium  alloys 
are  es taclished  as  the  best  thermoelectric  materials  over 
t.-.c :r  respective  temperature  ranges  of  operation  [l]  .  All 
tr.e^e  materials  possess  a  multivalley  energy  band  structure 


The  figure  of  merit  at  optimum  doping  is  use 
expressed  as  a  function  of  a  parameter  A:- 


where  A  a  T( 


and  m 


V2 


In  the  non-degenerate  limit  the  thermoelectric 
figure  of  merit  (ZT)  has  been  shown  to  increase 
linearly  with  the  number  of  valleys,  if  intervalley 
>ca*tering  is  neglected  [2,3].  However  in  practice 
r  r.ernoelectric  materials  are  doped  to  relatively 
high  carrier  concentrations  in  order  to  optimise  the 
figure  cf  merit.  A  multivalley  energy  band  structure 
and  intervalley  scattering  may  have  a  significantly 
different  effect  on  Z  in  the  region  of  optimum  doping 
compared  tc  that  in  the  non-degenerate  limit  [4],  In 
tr.is  paper  we  examine  the  effect  of  a  multivalley 
energy  band  structure  and  intervalley  scattering  on 
tne  thermoelectric  figure  of  merit  as  a  function  of 
carrier  concentration  (expressed  in  terms  of  reduced 
Fermi  energy  £) . 

A  rigorous  calculation  of  the  effect  of  intervallcy 
scattering  is  difficult.  Herring  (5|,  hewever  has 
developed  a  theoretical  framework,  which  Includes 
: -.tervai ley  scattering,  to  obtain  the  temperature 
•  r.dence  of  mobility  For  a  single  valley  i,.  a 

-  '.d-ictivity  tensor  n  ^  and  a  mobility  tensor 

xr.  be  defined.  The  ^otal  conductivity  tensor  due 
t  the  carriers  in  all  the  valleys  in  a  multivalley 
■'*r;y  tand  is  given  by  loy.  whereas  the  overall 

-  tensor  is  the  average  of  u**  over  different 
.i..*ys.  The  temperature  deoendence°of  the  nobility 

tee-  obtained  by  Herring  in  terms  of  a  ratio  hy/Wj , 
Wj  are  measures  of  the  coupling  of  carriers 
ver valley  and  intravalley  modes.  For  examp le:- 


:rcr  the  university  of  Allahabad,  India. 


mjjm*  and  m*  are  the  components  of  the  effective  r.at*- 
tensor  along  principal  directions.  Assuming  that  th* 
relaxation  time  depends  on  carrier  energy  as  E  .  th* 
density  of  states  effective  mass  for  one  valley  it.  r 
multivalley  case  is  the  same  as  that  for  a  single  v.i . 
ie.  m*»(m*  m*  m*) 1/3. 


scattering,  ?t  can  be  shown  that 


and  neglecting  any  interval!* 


*mv  fV  Nv(l4ja) 
sv 


Here  m2*m3  and  m^amj 

Evidently  llu*  figure  of  merit  mrr*  ••.*•  •  w:*'. 
of  valleys  N^. 

b.  Higher  doping  levels 

Of  interest  is  the  effect  of  a  muitiv*:; 
band  structure  on  the  figure  of  merit  of  mat. 
have  been  optiimlly  doped  (£=0)  . 

For  a  single  band  conduction  model  ar  :  . 
single  spherical  valley,  the  dimension;*'.* «  f: 
merit  is  given  by 
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ABSTRACT 

In  this  paper  the  effect  of  non-parabolic  energy 
rands  and  minority  carriers  on  the  electronic  thermal 
conductivity  *  and  the  thermoelectric  figure  of  merit 
Z  :f  narrow  band  gap  semiconductors  is  investigated. 
Tru  analysis  indicates  that  if  non-parabolici ty  is  not 
tanerr.  intc  account,  the  theoretical  values  obtained 
for  and  Z  considerably  overestimate  those  observed 
experimentally  in  PbTe  and  Bi^Te^.  Minority  carrier 
effects,  although  relatively  unimportant  in  PbTe  at 
around  room  temperature  are  significant  in  Bi^Te^  and 
consequently  a  two  band  model  must  be  emnlowed. 


The  dimensionless  figure  of  merit  for  u  twe  bit  i 
model  can  be  written  as 


_ lah°h~U4°e^ _ 

(0e*°h’  A’  *°iCh '  WS 1  ‘ 


Suffices  e  and  h  refer  to  contributions  from  electro 
and  holes  and  the  a*  arid  n*  are  dime- ns  ion  less  quant  .  ’ 
as  described  in  references  [3,4j.  The  single  band  • 
can  readily  be  discussed  by  taking  o^*-0. 


1.  INTRODUCTION 

In  general,  semiconductors  with  high  thermoelectric 
figures  of  merit  possess  a  multi valley  energy  band  and 
a  narrow  energy  gap.  Although  the  latter  requirement 
is  a  contributory  factor  in  limiting  the  upper  operating 
temperature^  narrow  gap  materials  such  as  those  based 
upon  bismuth  telluride  and  lead  telluridc  are  widely 
employed  in  thermoelectric  applications.  Minority 
carrier  effects  may  be  significant  in  narrow  gap  semi¬ 
conductors  at  relatively  low  temperatures  consequently 
a  "two  band  model'  should  be  employed  in  an  analysis 
f  their  thermoelectric  transport  properties.  In 
addition  narrow  gap  semiconductors  have  been  shown  to 
:a  ssess  a  significant  degree  of  band  non-parabolici ty 
iii  tne  transport  behaviour  of  InSb  [ij  and  the  lead 
.r.a  1  to  gen  ides  It2|  have  been  discussed  in  the  literature. 

In  this  paper  we  examine  the  effect  of  band  non- 
paratolici ty  and  minority  carriers  on  the  electronic 
thermal  conductivity  and  thermoelectric  figure  of  merit 
of  materials  based  upon  bismuth  telluride  and  lead 
telluride. 

2 .  THEORETICAL  FRAMEWORK 


3.  NON-PARABOLIC  ENERGY  BANDS 

The  parameters  which  occur  in  equation  (3)  and  j. 
the  case  of  a  parabolic  band  as  described  in  refs  j 
are  modified  for  a  non-parabolic  band  The 

transport  equations  can  be  written  in  terms  of  the 
generalized  Fermi  integrals  defined  by 

nL?  ’  r  (-9f_)nn[n  (l*Bn)jmU+2(Wi )  I<Vi 
J0  »n 

kT 

Here  nx(c/kT)  is  the  reduced  carrier  energy,  s- 
is  the  inverse  of  the  reduced  energy  band  gap  and 
f  is  the  usual  Fermi  function.  For  acoustic  scatter, 
of  carriers  the  Lorenz  factor  is  expressed  as 

X  x  AJA*,  - 
.  *  1.1  A1 

where  6  -  Lj/ 

The  reduced  electrical  conductivity  is  given  by 


A  two  band  model  is  considered  with  the  carrier 
effective  mass  (m*)  depending  on  energy  c  as:- 


m#  n*U*2f  i\  > 
0  9 


1 


O’  «  KN  ^L^T/ (ro*A_  ) 

V.2  L 

where  *  5  1  * 

,.2,  5 


refers  to  the  value  of  m*  at  the  band  edge  and  tg  is 
the  energy  gap. 

The  density  of  states  effective  mass  is  given  by:- 

Nv  as,  the  number  of  equivalent  valleys  with  m.  and 
the  longitudinal  and  transverse  components  of  the 
effective  mass  tensor. 

*  ?ermanent  address.  Physics  Department,  University 
of  Allahabad,  India. 


C| |and  c |  refer  to  the  longitudinal  elastic  const*-  * 
and  deformation  potential  respectively. 

The  reduced  Seebeck  coefficient  is  given  by 

o*  «  i 

with  £(£)  for  the  non-parabol ic  case  is  oivn  1 
Equation  (6) . 


4.  RESULTS 

The  room  temperature  variatlor  of  the  Lorenz  factor 
and  of  the  ratio  of  the  electronic  to  lattice  thermal 
conductivity  (X^/X^)  with  reduced  Fermi  energy  (£)  are 
plotted  m  figures  1  and  2  for  PbTe  and  Bi^Te^  respect¬ 
ively.  It  is  apparent  that  the  value  of«£  and  of 
*  /-  are  reduced  when  non -pa raboli city  of  the  energy 
bands  is  taken  into  consideration.  In  thermoelectric 
applications  the  doping  levels  which  correspond  to  a 
maximum  in  ZT  are  of  particular  interest  and  the  values 
n?  yarir-s  parameters  given  in  Table  1  correspond  to 

op- ' 


The  influence  of  minority  carriers  on  the  figure  of 
merit  la  conveniently  demonstrated  by  plotting  the 
factor  [(ZT)  -2T]/ZT  against  C  at  different  temp¬ 

eratures.  (sT) jjb  ®nd  ZT  refer  to  single  band  and  t «. 
band  models  respectively.  The  results  for  PbTe  ar.d 
Bi ^Te ^  are  shown  In  figures  3  and  4. 

It  is  concluded  that  the  inclusion  of  non-paraoc. 
energy  bands  significantly  affects  the  thermoelectric 
transport  coefficients  and  consequently  the  figure  cf 
merit.  The  inclusion  of  non-parabol icity  results  .  ■ 
better  agreement  between  the  theoretical  and  ex;.-«  rinv» 
values  of  X  /X  and  ZT.  A  two  bam)  model  must  t* 
employed  for  Bi-Tc^  even  at  room  temperature  and  f-i 
PbTe  at  temperatures  above  about  7D0K. 


TABLE  1 


Lorenz 

factor «£  , 

Xe/XL  and  ZT  at 

f  (room 

oot 

temperature) 

'ont 

JL 

X  /X 
e  L 

VlL 

ZT 

ZT 

o'  L 

ri 

(par.) 

(nonparj 

(par) 

(n6npar ) 

(pur) 

(nonp.ir  ) 

(exp) 

(C  >.: 

PbTe 

--C.75 

2.113.0) 

1.66(2.7) 

0.42(0.6) 

0.24(0.5) 

1.3 

*0.56 

0.  15 

J.  »« 

Ul2Te3 

,-0.65 

2.1 

1.5 

0.55 

0.21 

0.92 

*0.56 

0.25 

-o.c 

*:u-  irttrrvaiiey  scattering  included  in  the  calculations  with  w./Wj-0.5,  Wj  and  refer  to  the  strength  of 
rcu;  iing  'if  carriers  to  intervalley  and  intravalley  inodes  {8)  j  bracketed  quantities  in  the  case  of  PbTe  refer 
.c  values  of  the  various  parameters  appropriate  to  the  polar  optical  scattering  (based  on  preliminary  calculate 


c  phonon  scattering  is  assumed  to  be  the 
ing  mechanism  operative  at  JOOK.  Although 
ion  is  correct  for  BijTe..  optical  phonon 
?  not  insignificant  in  PbTe  and  must  be 
a  rigorous  analysis.  Detailed  calculations 
optical  contribution  are  in  progress  and 
will  be  communicated  at  a  future  date, 
of  preliminary  investigations  are  included 
.-  :  v  :•  ’  track*  red  quantities).  Experimentally 

•->:  * /aiuex  •  are  given  for  comparison. 


Acousti 
sole  scatter 
tms  as sump t 
scattering 

i  .  «  1  ^  4  ^ 

of  the  polar 
t\».  results 
The  results 


Parar  cl  i  r 


e  quantity  X  /X^  or^  o’  plotted  against 
';jOK.  Acoustic  scat  ter  ingfli./W  =*  0.5. 

■  Non  parabolic. 


A  rigorous  quantitative  estimate  of  the  varicu 
thermoelectric  transport  coefficients  would  requirt 
accurate  estimate  of  intervalley  scattering  ar.d  of 
temperature  variation  of  effective  mass.  Althc-op 
present  analysis  is  a  semiquanti  tat  l  vt'  on*-  tn<  r«  : 
obtained  arc  relatively  i  nsensi  t  i  v>--  rr  !»*•)•■!  if- 
in  these  parameters. 

> /x. 


Reduced  Fermi  Energy 


Figure  2. 
for  Bi  Te. 

1.  Parabolic,  2.  Non  narabolic. 


The  quantity  *  /A  or «£  i  •  : 
at  300K.  Acoustic  scjI  trnr.' 


